Abstract: Six field trials were conducted at Ridgetown, ON, over a 2-yr period (2015 and 2016) to determine the tolerance of two corn hybrids to 2,4-D (560 and 1120 g a.i. ha −1 ) and glyphosate (1800 g a.e. ha −1 ) applied alone or in combination at stage V1, V3, or V5. In DeKalb DKC52-61 corn, 2,4-D caused as much as 24%, 16%, 11%, and 11% visible injury at 1 wk after each postemergence herbicide application (WAT), 2 WAT, 4 wk after the last postemergence herbicide application (WA-C), and 8 WA-C, respectively. Plant stand was not affected, but plant height decreased by 5 cm at 560 g a.i. ha −1 and 7% at 1120 g a.i. ha −1 . As the application timing was delayed from stage V1 to V5, there was a trend to increased injury at both 2,4-D rates. Corn yield decreased 8% with 2,4-D applied at 560 g a.i. ha −1 and 12% at 1120 g a.i. ha −1 . In Pioneer P0094AM corn, 2,4-D caused as much as 16%, 9%, 7%, and 7% visible injury at 1 WAT, 2 WAT, 4 WA-C, and 8 WA-C, respectively. Plant height was not affected, but goosenecking and brace root malformation were increased as the rate of 2,4-D was increased. There was generally no difference between glyphosate rates (1800 vs 0 g a.e. ha ) at the V1 corn stage but visible injury, goosenecking, and brace root malformation at other application timings was as much as 15%, 3%, and 19% greater when 2,4-D was applied in a tank mixture with glyphosate, respectively. Yield was reduced by 12% when 2,4-D (1120 g a.i. ha −1 ) was applied with glyphosate in the tank mixture.
Introduction
As of 2016, glyphosate-resistant (GR) Canada fleabane, giant ragweed, waterhemp, and common ragweed have been confirmed in 30, 6, 3, and 1 counties in Ontario, respectively (Follings et al. 2013; Van Wely et al. 2015; Budd et al. 2017; Schryver et al. 2017) . With the recent evolution of GR weeds, there has been an increased interest in the use of 2,4-dichlorophenoxyacetic acid (2,4-D) applied late postemergence for the control of GR weeds such as Canada fleabane. Studies by Kruger et al. (2010) have shown that 2,4-D amine or ester (560 g a.e. ha −1 ) controlled GR Canada fleabane >90%. Byker et al. (2013) reported that 2,4-D ester plus glyphosate (500 + 900 g a.e. ha −1 ) applied preplant to soybean controlled GR Canada fleabane as much as 92%. Glyphosate-resistant weeds such as Canada fleabane have an extended germination and emergence pattern (Keeling et al. 1989) . Growers in Ontario sometimes add 2,4-D amine to their last in-crop application of glyphosate to control GR Canada fleabane in corn. This combination has resulted in severe corn injury in some Ontario fields. 2,4-dichlorophenoxyacetic acid is a widely used herbicide that was first synthesized in 1941 and commercialized in the United States in 1944 (Munro et al. 1992; Peterson et al. 2016) . It is a phenoxy herbicide that is readily absorbed through foliage and roots (Shaner 2014; Peterson et al. 2016) . It is mainly translocated through phloem, although it can also move with water in the xylem (Peterson et al. 2016 ). 2,4-dichlorophenoxyacetic acid has greater activity on broadleaf weeds compared with grasses mainly due to differences in the interception, translocation, metabolism, and sensitivity of the active sites (Peterson et al. 2016; OMAFRA 2017) . In susceptible plants, 2,4-D causes uncontrolled cell division resulting in epinasty and abnormal leaf development, which is followed by yellowing of the growing points, wilting, necrosis, and plant death within 3-5 wk (Peterson et al. 2016; OMAFRA 2017) . After more than 70 yr of use, there are 34 weed species that are resistant to the Group 4 herbicides (http://weedscience.org/), but, generally, they are not widespread.
Studies conducted in late 1940s to early 1950s with both field and sweet corn have shown differential sensitivity of corn to 2,4-D (Ellis and Bullard 1948; Rossman and Sprague 1949; Rossman and Staniforth 1949; Rodgers 1952) . These early studies concluded that corn hybrids respond differently to 2,4-D application, and the response is dependent on application rate and timing (Guzman and Wolf 1953) . Corn hybrids have evolved tremendously in the last half century. Genetically engineered glyphosate/ glufosinate-resistant corn hybrids were introduced in 1996 and have revolutionized corn production systems. Glyphosate/glufosinate-resistant corn have been widely adopted by farmers across North America because of improved weed control, reduced crop injury, application flexibility and simplicity, and an increase in net returns to corn growers (Sikkema and Soltani 2007) . In recent years, Dow AgroSciences has developed glyphosate/ 2,4-D-resistant corn hybrids. 2,4-dichlorophenoxyacetic acid resistance is conferred by the aryloxyalkanoate 
Abbreviations: D, 2,4-D rate; G, glyphosate rate; NS, not significant at the p = 0.05 level; T, application timing; V1, 1 corn leaf collar visible; V3, 3 corn leaf collars visible; V5, 5 corn leaf collars visible; WAT, weeks after each postemergence herbicide application; WA-C, weeks after last postemergence herbicide application. Means followed by a different letter within a column are significantly different according to Tukey's test at p < 0.05. Means for a main effect were separated only if there was no significant interaction involving that main effect. Significance at p < 0.05 and p < 0.01 levels denoted by * and **, respectively. dioxygenase-1 (AAD-1) enzyme, which results in increased 2,4-D and aryloxyphenoxypropionate metabolism (Anonymous 2012; Ruen et al. 2017; Skelton et al. 2017) . It has been suggested that the introduction of these new technologies will significantly increase 2,4-D use in corn and other crops (Peterson et al. 2016) . Currently, >95% of corn produced in Canada is seeded to glyphosate/glufosinate-resistant hybrids, which, in part, has contributed to the selection of GR weeds and the need for a late postemergence application of 2,4-D.
Non-AAD-1 transformed corn hybrids have differential sensitivity to 2,4-D and can be injured with low application rates during the recommended application timing (Peterson et al. 2016 ). There have been few studies that have evaluated tolerance of non-AAD-1 transformed corn hybrids to 2,4-D in recent years. Additionally, tolerance of glyphosate/glufosinate-resistant corn to a tank mixture of 2,4-D and glyphosate has not been determined for Group 4 sensitive corn hybrids in Ontario. The adjuvant used in commercial glyphosate formulations may increase 2,4-D uptake and therefore affect the corn tolerance to this tank mixture.
The objective of this study was to determine the tolerance of two Group 4 sensitive glyphosate/glufosinateresistant corn hybrids in Ontario (DeKalb DKC52-61 and Pioneer P0094AM) to 2,4-D (560 and 1120 g a.i. ha ) and glyphosate (1800 g a.e. ha ) applied alone or in combination at V1, V3, or V5 application timings.
Materials and Methods
A study consisting of six field experiments (three with DeKalb DKC52-61 and three with Pioneer P0094AM corn hybrids) was conducted at the University of Guelph Ridgetown Campus (Ridgetown, ON) during 2015 and 2016 (two experiments were conducted in 2015 and four in 2016). The soil in 2015 was loam with 41% sand, 40% silt, 19% clay, 4.9% organic matter, and pH of 6.2. The soil at site 1 in 2016 was a silt with 53% sand, 33% silt, 14% clay, 4.0% organic matter, and pH of 6.3, and at site 2 was loam with 47% sand, 36% silt, 17% clay, 4.8% organic matter, and pH of 6.2. Seedbed preparation at all sites consisted of fall moldboard plowing followed by two passes with a field cultivator with rolling basket harrows in the spring.
The study was established as a three-way factorial in a randomized complete block design with four replications. Factor one was application timing: corn at V1, V3, and V5; factor two was glyphosate (Roundup Weathermax®) rate of 0 or 1800 g a.e. ha ) preemergence followed by glyphosate (900 g a.i. ha −1 ) at V7 and hand-weeding as required. Corn injury was visually estimated on a scale of 0% (no injury) to 100% (complete plant death) at 1 and 2 wk after each application (WAT). Subsequent ratings were all made after the last application (WA-C) and included injury at 4 and 8 WA-C, average corn height (10 randomly selected plants in each plot), plant stand, percent goosenecking at 2 WA-C, percent brace root malformation at 8 WA-C, and percent cob deformity just prior to harvest. The corn was harvested for grain with a small plot combine, weight and seed moisture content (maturity) were recorded, and grain yields were adjusted to 15.5% seed moisture content.
Data were analyzed as a three way factorial using PROC MIXED in SAS 9.4 (SAS 2015). The two corn hybrids (DeKalb DKC52-61 and Pioneer P0094AM) data were analyzed separately. Fixed effects included the three treatment factors: application timing, glyphosate rate, and 2,4-D rate, as well as their interactions; random effects included year-location combinations (environment), interactions between environment and the fixed effects, Significance of fixed effects were tested using F tests and random effects were tested using a Z test of the variance estimate. The UNIVARIATE procedure was used to test data for normality and homogeneity of variance. To satisfy the assumptions of the variance analyses, percent injury 1 and 2 WAT, 4 and 8 WA-C, and percent goosenecking were square root transformed, and percent brace root malformation was arcsine square root transformed. An initial analysis was performed in PROC MIXED with hybrid and treatment as fixed effects to determine if corn hybrids could be combined for analysis; the hybrid × treatment interaction was significant for most variables, and therefore, corn hybrids were analyzed separately. The untreated control was excluded from analysis for the injury, goosenecking, and brace root malformation ratings, but values were compared with zero independently (using lsmeans output). Comparisons were made using Tukey's test at a level of p = 0.05 and any data compared on the transformed scale were converted back to the original scale for the presentation of results.
Results and Discussion
DeKalb DKC52-61
In general, injury increased as the application timing was delayed at 1 WAT, 2 WAT, 4 WA-C, and 8 WA-C (Table 1) . There was no difference in plant stand, but plant height was reduced as the application timing was delayed from V1 to V3 (Table 1) . There was an increase in goosenecking and brace root malformation and a decrease in yield as the application timing was delayed (Table 1) . In general, visible injury at 8 WA-C, goosenecking, and brace root malformation increased as the application timing was delayed. This increase with delayed application in injury, goosenecking, and brace root malformation was present when 2,4-D was applied alone and in combination with glyphosate (averaged across three 2,4-D rates) ( Table 2 ). There was no difference in corn injury between glyphosate rates (0 vs 1800 g a.e. ha −1 ) at V1, but injury was increased by 7% at the V3 and V5 application timing. There was also no difference among the two glyphosate rates in goosenecking and brace root malformation at the V1 timing. However, the addition of glyphosate (1800 g a.e. ha −1 ) to 2,4-D increased goosenecking by 4% and 5% at V3 and V5, respectively, and increased brace root malformation 8% and 17% at V3 and V5, respectively ( Table 2) . As the application timing was delayed from V1 to V5, there was a trend to an increase in injury, goosenecking, and brace root malformation at 560 and 1120 g a.i. ha −1 when visible injury, goosenecking, and brace root malformation were compared as a function of 2,4-D rate and application timing (averaged across two glyphosate rates) (Table 3) .
Visible injury and goosenecking generally increased as the rate of 2,4-D was increased and the injury was more severe when glyphosate (1800 g a.e. ha ) was included in the tank mixture (Table 4) . At 1 WAT, the co-application of 2,4-D with glyphosate (1800 g a.e. ha −1 ) increased injury 22% at 560 g a.i. ha −1 and 35% at 1120 g a.i. ha −1 (Table 4) .
Corn height and yield were not affected by 2,4-D when glyphosate was not included in the mixture but decreased when 2,4-D was co-applied with glyphosate (1800 g a.e. ha −1 ) (Table 4) . Grain corn yield decreased 8% with 2,4-D applied at 560 g a.i. ha −1 and 12% at 1120 g a.i. ha −1 (Table 1) .
Corn injury with 2,4-D observed in this study is similar to other studies with 2,4-D that have shown significant injury can occur when 2,4-D rate is increased, especially when application timing is delayed beyond 15-cm-tall corn (Rossman and Sprague 1949; Rossman and Staniforth 1949; Rodgers 1952; Guzman and Wolf 1953) . Guzman and Wolf (1953) found no injury in corn with 2,4-D amine applied postemergence at 840 g a.i. ha −1 to various hybrids of corn when they were less than 7.5 cm tall. Other researchers have found corn injury and lower yield with 2,4-D applied at 1120 g a.i. ha −1 in some corn hybrids (Rodgers 1952) .
Pioneer P0094AM
In general, as the application timing was delayed, there was a trend to increased injury at 1 WAT, 2 WAT, 4 WA-C, and 8 WA-C in Pioneer P0094AM corn (Table 5) . 
a Abbreviations: D, 2,4-D rate; G, glyphosate rate; NS, not significant at the p = 0.05 level; T, application timing; V1, 1 corn leaf collar visible; V3, 3 corn leaf collars visible; V5, 5 corn leaf collars visible; WAT, weeks after each postemergence herbicide application; WA-C, weeks after last postemergence herbicide application.
b Means followed by a different letter within a column are significantly different according to Tukey's test at p < 0.05. Means for a main effect were separated only if there was no significant interaction involving that main effect. Significance at p < 0.05 and p < 0.01 levels denoted by * and **, respectively.
There was no effect of herbicide application timing on corn height, plant stand, or yield but goosenecking and brace root malformation increased as the application timing was delayed (Table 5) .
Visible injury, goosenecking, and brace root malformation generally increased as the application timing was delayed when visible injury, goosenecking, and brace root malformation in Pioneer P0094AM field corn was compared as a function of either rate of glyphosate and application timing, averaged across three 2,4-D rates (Table 6 ). Generally, no difference between glyphosate rates (1800 vs 0 g a.e. ha −1 )
at V1 occurred, but at V3 and V5, visible injury, goosenecking, and brace root malformation was as much as 19% greater with glyphosate (1800 g a.e. ha −1 ) in the tank mixture (Table 6 ). As the application timing was delayed from V1 to V5, there was a trend to increased injury, goosenecking, and brace root malformation at 560 and 1120 g a.i. ha −1 when comparing injury, goosenecking, and brace root malformation as a response to 2,4-D rate and application timing (averaged across two glyphosate rates) (Table 7) . Additionally, when injury and corn yield were compared as a response to glyphosate rate and 2,4-D rate (averaged across three application timings), there was as much as a 13% increase in visible injury at 560 g a.i. ha −1 and 24% increase in visible injury at 1120 g a.i. ha −1 with 2,4-D when co-applied with Means followed by a different letter within a column (a-c) for each variable or row (X-Z) are significantly different according to Tukey's test at p < 0.05. glyphosate (1800 g a.e. ha −1 ) (Table 8) . Yield was also reduced 6% with 2,4-D at 1120 g a.i. ha −1 when glyphosate (1800 g a.e. ha −1 ) was in the tank mixture (Table 8 ).
This study concludes that both DeKalb DKC52-61 and Pioneer P0094AM corn hybrids are sensitive to 2,4-D amine applied at V1, V3, and V5. The addition of glyphosate (1800 g a.e. ha −1 ) to 2,4-D amine at 560 and 1120 g a.i. ha −1 resulted in increased visible injury, goosenecking, brace root malformation, and yield reduction in DeKalb DKC52-61 and Pioneer P0094AM corn hybrids under Ontario environmental conditions. Injury was generally greater as the 2,4-D application rate increased and application timing was delayed. The authors speculate that the increased corn injury observed in this study when glyphosate is added to 2,4-D may be attributed to the adjuvants present in the formulated glyphosate product, which increases uptake of 2,4-D and causes accentuated corn injury. 
